In the biosynthesis of type B trichothecenes, four oxygenation steps remain to have genes functionally assigned to them. On the basis of the complete genome sequence of Fusarium graminearum, expression patterns of all oxygenase genes were investigated in Fusarium asiaticum (F. graminearum lineage 6). As a result, we identified five cytochrome P450 monooxygenase (CYP) genes that are specifically expressed under trichothecene-producing conditions and are unique to the toxin-producing strains. The entire coding regions of four of these genes were identified in F. asiaticum. When expressed in Saccharomyces cerevisiae, none of the oxygenases were able to transform trichodiene-11-one to expected products. However, one of the oxygenases catalyzed the 2b-hydroxylation rather than the expected 2a-hydroxylation. Targeted disruption of the five CYP genes did not alter the trichothecene profiles of F. asiaticum. The results are discussed in relation to the presence of as-yet-unidentified oxygenation genes that are necessary for the biosynthesis of trichothecenes.
Introduction
The cereal pathogen Fusarium graminearum species complex produces trichothecenes, a large group of protein synthesis inhibitors for eukaryotes. These secondary metabolites are also known as mycotoxins and cause contamination of agricultural and food products. In toxin-producing Fusarium species, some, but not all trichothecene genes were found within a 25-kb core gene cluster (Tri5-cluster) [1] . In addition, two trichothecene biosynthesis pathway genes were isolated from a twogene cluster (Tri1-mini-cluster) [2] [3] [4] [5] , and a gene encoding trichothecene 3-O-acetyltransferase (Tri101) was identified at a single locus separated from other pathway genes [6, 7] . Although genes encoding enzymes that catalyze most of the reactions in the pathway have been identified in the T-2 toxin-producer Fusarium sporotrichioides, genes responsible for certain oxygenation reactions have not been identified.
Trichothecene biosynthesis begins with the formation of trichodiene, which undergoes multiple oxygenation, cyclization and esterification reactions. In the biosynthesis of type B trichothecenes such as 3-acetyldeoxynivalenol (3-ADON) and 4,15-diacetylnivalenol (4,15-ANIV), four oxygenation steps (the C-12, 13 epoxidation, and the C-11, C-3, and C-7 hydroxylations; see shaded ellipses and a rectangle in Fig. 1 ) remain to have genes functionally assigned to them. All the oxygens in the trichothecene skeleton and in the hydroxyl groups at C-3, C-4, and C-15 have proved to be derived from molecular oxygen by an experiment using F. sporotrichioides [8] . In addition, most of the trichothecene biosynthesis genes are specifically expressed under trichothecene-producing conditions and are unique to the toxin-producing strains [1] . This knowledge provided an experimental basis for a search for as-yet-unidentified oxygenase genes involved in the biosynthesis of trichothecenes using the complete genome database of F. graminearum.
Materials and methods

Fungal strains, media, and chemicals
Fusarium asiaticum belongs to lineage 6 of the F. graminearum species complex [9] . F. asiaticum IFO 5269, a strain that produces 3-ADON, was used for screening of candidate cytochrome P450 monooxygenase (CYP) genes. F. asiaticum MAFF 111233, a transformable strain that produces fusarenon X (4-acetylnivalenol) and 4,15-ANIV, was used for gene disruption experiments. Transformants were selected with 30 lg ml À1 of hygromycin B. For production of type B trichothecenes, 2.5 · 10 7 conidia were cultured in 100 ml of RF medium consisting of 4% (w/v) rice flour, 3% (w/v) sucrose, and 0.1% (w/v) yeast extract, in a 300-ml Erlenmeyer flask on a gyratory shaker (160 rpm) at 22°C for 72 h. For culture under the trichothecenenon-producing condition, fungal strains were grown on YG medium, 0.5% (w/v) yeast extract, 2% (w/v) glucose, on a reciprocal shaker (130 rpm) at 22°C.
A trichodiene analogue trichodiene-11-one was synthesized following the method described by Kawasaki [10] . This analogue is visible on a F 254 TLC plate (Kieselgel F 254 ; Merck, Darmstadt, Germany) under UV light (wavelength; 254 nm). A trichothecene intermediate calonectrin (CAL) was isolated from a Tri1 disruption mutant [4] . Trichodiene-11-one (stock solution; 100 mg ml À1 in ethanol) and CAL (stock solution; 10 mg ml À1 in ethanol) were used for feeding assays with transgenic yeasts, assuming that expression of the responsible biosynthetic genes could convert trichodiene-11-one to oxygenated trichodiene derivative(s); e.g., 2-hydroxytrichoidene-11-one, 2-hydroxy-12,13-epoxytrihodiene-11-one.
DNA and RNA analyses
Probes for Southern blot analysis were prepared by using a PCR DIG Synthesis kit (Roche Diagnostics GmbH, Mannheim). Standard hybridization and detection conditions recommended by the manufacturer were employed. Total RNA was prepared from the mycelia using the TRIzol reagent (Invitrogen, Carlsbad, CA). After digestion with DNaseI, RNase free (Roche), oligo(dT)-primed cDNA was synthesized using the SuperScript First-strand Synthesis system (Invitrogen). Primers used for preparation of Southern probes and reverse-transcription (RT)-PCR of candidate genes are listed in Supplementary Data.
Heterologous expression of candidate CYP genes in yeasts
The entire coding regions of the candidate CYP genes were amplified by RT-PCR and cloned in pGEM Ò -TEasy (Promega, Madison, WI) for sequence analysis (see Supplementary Data for primer sequences). The cDNA devoid of PCR errors were inserted into a yeast expression vector, pYC6/CT (Invitrogen), between the EcoRV site and either HindIII site (XM_391167 and XM_381915) or KpnI site (XM_387941 and XM_382547). The expression vectors were introduced into strain INVSc1 of Saccharomyces cerevisiae (Invitrogen), and selected with 50 lg ml À1 of blasticidin S [11] . For induction of the candidate CYP genes, the transgenic yeasts were inoculated from YPR agar (yeast extract 1%, peptone 2%, raffinose 2%, and agar 2%) with 50 lg ml À1 blasticidin S into induction medium (galactose 2%, ammonium sulfate 0.5%, yeast nitrogen base 0.67%, CSM-URA (BIO101 Inc. La Jolla, CA) 0.077%, and uracil 0.01%) containing blasticidin S in siliconized L-shaped glass tubes. After three days of incubation on induction medium at 30°C, the yeast cell culture was adjusted to OD 600 = 0.4 and used for the feeding assay.
Analyses of transformed products of trichodiene-11-one
Trichodiene-11-one and its transformed products in yeast culture were extracted twice with half the amount of hexane, evaporated in vacuo, and dissolved in ethyl acetate. The sample was separated by TLC using hexane/ethyl acetate (3:2) as the solvent, and then visualized under UV light. The transformed products were purified by a combination of gel permeation column chromatography and preparative TLC. The extracted material dissolved in methanol was applied to a Sephadex LH-20 column (diameter 10 mm; height 380 mm) and fractionated (3 g/tube) by isocratic elution with methanol. Each fraction was developed on TLC plates and visualized under UV light for further purification. The transformed products included in the silica gel layer of TLC plates were scratched off using a spatula and eluted with ethyl acetate. Structures of oxygenated trichodiene-11-one derivatives were determined by 1 H NMR spectra in CDCl 3 obtained with a JEOL JNM-ECA600 spectrometer using residual CHCl 3 (7.26 ppm) as an internal standard.
Targeted gene disruption of the CYP genes
The gene disruption vectors were constructed by replacing the complete coding regions of the genes with [25] [26] [27] . Among the oxygenation steps necessary for the biosynthesis, the genes were not identified for three steps before the second cyclization (i.e., oxygenation of C-11 and C-3, and epoxidation of C-12,13 in the bicyclic intermediates; shaded ellipse) and one step after the second cyclization (i.e., oxygenation of C-7 in the tricyclic intermediate; shaded rectangle).
the hph cassette using the inverse-PCR (IPCR) method as described previously [12] . Briefly, the regions containing the CYP genes to be disrupted were amplified by long PCR (6.2, 9.0, 9.5, 6.2, and 9.5 kbp) using LA-Taq (Takara Bio Inc., Kusatsu) and digested with the restriction sites designed on type-I primers (i.e., primers shown on yellow backgrounds in the Excel sheet ''Gene disruption of CYPs'' in Supplementary Data). After self-ligation of the amplified products, the regions flanking the CYP genes were amplified by PCR with the second sets of primers (type-II primers) shown in Supplementary Data (primers on orange backgrounds). The IPCR products were cloned between the NotI site and either SpeI site (XM_391600, XM_387941, and XM_382547) or EcoRV site (XM_391167 and XM_381915) downstream of the trpC terminator in pCSN43 [13] . The resulting gene disruption vectors were used for the fungal transformation as described previously [1] .
Trichothecene analyses
Trichothecenes (e.g., fusarenon X, 4,15-ANIV, and CAL) in yeast and fungal cultures were extracted with ethyl acetate, evaporated in vacuo, and dissolved in ethyl acetate. After loading the samples, the TLC plates were developed using ethyl acetate/toluene (3:1) as the solvent. Trichothecenes were visualized with the chromogenic reagent 4-(p-nitrobenzyl)pyridine following the standard detection method [14] .
Results and discussion
3.1. First screening of candidate genes for trichothecene biosynthesis using the complete genome database of F. graminearum Feature Search (type: BLASTX) with the keyword ''oxygenase'' or ''P450 monooxygenase'' at the F. graminearum genome database (Broad Institute; http:// www.broad.mit.edu/annotation/fungi/fusarium/) [15] resulted in hits of 3615 genes (as of October, 2003), which were mapped to 179 regions in the genome database. Upon careful examination of these BLASTX results, we identified 135 hypothetical oxygenase genes in addition to the already identified cluster CYP genes, Tri4, Tri11, and pseudo-Tri13 (XM_383711, XM_383716, and XM_383718 on chromosome II). The expression patterns of these candidate genes were examined using a 3-ADON-producer F. asiaticum IFO 5269 by RT-PCR (135 predicted partial coding regions). Among these genes, seventeen CYP genes (Supplementary Data; Accession Nos. in bold, see also Fig. 2(a) ) were expressed under the trichothecene-producing condition, but not under the trichothecene-non-producing condition. Southern blot analysis revealed that four of these genes, XM_391600 (on chromosome III), XM_387941 (on chromosome IV), XM_382547 (on chromosome I), and XM_381915 (on chromosome I), are present in the genome of F. asiaticum and F. sporotrichioides, but absent from the closely related trichothecene-non-producing Gibberella species, F. oxysporum and F. fujikuroi (Fig. 2(b) ). One of the genes, XM_391167 (on chromosome III), was found only in F. asiaticum. These five selected genes were used for the second screening as described in the next section.
Functional screening of the selected genes by heterologous expression in the yeasts
Since fungal secondary metabolite genes are often induced under the producing conditions and are unique to the producing strains, we first examined the possible involvement of the above genes in the biosynthesis of trichothecenes using S. cerevisiae as a heterologous host. The entire coding regions of the four CYP genes, XM_391167, XM_387941, XM_382547, and XM_381915, were obtained from F. asiaticum IFO 5269 (GenBank Accession Nos. AB195304-AB195307) by RT-PCR. The 5Õ-coding region of XM_391600 did not contain the expected translation initiation ATG in F. asiaticum: several short reading frames generated by alternative splicing (the largest peptide comprising of 99 amino acids, which is too small as a functional CYP) were identified by RT-PCR. Therefore, we did not further analyze the cDNA of the XM_391600 orthologue. Using recombinant yeast strains expressing these four CYP genes, we carried out feeding assays with trichodiene-11-one and CAL. Wild-type and the induced transgenic yeasts (5 ml culture) were incubated with trichodiene-11-one (100 lg ml À1 ) or CAL (20 lg ml À1 ) at 28°C. After 64 h of incubation, the culture extracts were separated by TLC and then visualized under UV light. A new spot with a lower R f value (compound 1) was observed when trichodiene-11-one was incubated with recombinant yeasts carrying the gene XM_387941 (encoding protein XP_387941), but not with those carrying the other three CYP genes. In contrast, no transformed products were detected in any of the culture supernatants of recombinant yeasts incubated with CAL (data not shown).
Characterization of the gene XM_387941
XP_387941 was most similar to several fungal CYPs. A BLASTP analysis revealed XP_387941 to have highest overall similarity to isotrichodermin C-15 hydroxylase of F. sporotrichioides (O13317; E = e À132 , score = 473 bits) [16] . However, overexpression of XM_387941 in a Tri11 À targeted disruption mutant could not complement the C-15 hydroxylase activity and showed a trichothecene profile similar to that of the disruption strain (Supplementary Data). XP_387941 also showed a high level of similarity to other fungal cytochrome P450 monooxygenases proved to be involved in the biosynthesis of secondary metabolites, such as PbP450-1 of the aphidicolin-producer Phoma betae [17] , AflG of the aflatoxin-producer Aspergillus parasiticus [18] , and FUM12 of the fumonisin-producer Gibberella moniliformis [19] . XP_387941 contains the sequence motifs universally conserved among cytochromes P450, including the heme-binding cysteine residue (Cys-449) at the active site. Other residues of XP_387941, Gly-308, Glu-364, and Arg-367, are also conserved in cytochromes P450.
To determine the function of XP_387941, we purified compound 1 from 200 ml of the yeast culture. The purified 1 (Fig. 3) showed the following signals on 1 (dddd, J = 12.6, 12.1, 11.6, 7.6 Hz, H-3b), and 1.19 (s, H-15) in CDCl 3 . These assignments were confirmed by homo spin decoupling experiments and comparison with those of trichodiene-11-one, suggesting that XM_387941 codes for an enzyme involved in the hydroxylation at C-2 in the trichothecene biosynthesis pathway.
Stereochemistry at C-2
Previous study demonstrated that a Tri4 disruption mutant accumulates trichodiene, suggesting involvement of this cluster gene in the first oxygenation step (i.e., 2a- Fig. 3 . In vivo oxygenation assay of trichodiene-11-one using recombinant yeast strains. TLC plates were developed using hexane/ ethyl acetate (3:2) as the solvent and visualized under the UV light (254 nm). Lane 1, trichodiene-11-one; lane 2, purified compound 1 (2b-hydroxytrichodiene-11-one); lane 3, purified compound 2 (2a-hydroxytrichodiene-11-one). hydroxylation of trichodiene) in the trichothecene pathway [20] . To compare the structures of the hydroxylated trichodiene-11-one, we also generated yeast transformants carrying Tri4 between the SacI and EcoRV cloning sites of pYC6/CT (see Supplementary Data for primer sequences). After incubation with trichodiene-11-one, the transformed product (compound 2) was purified as described in Section 2.4. Unexpectedly, its R f value was slightly higher than that of 1 (Fig. 3) , suggesting that these compounds are diastereoisomers.
With reference to the 1 H NMR data of 1, the following signals were assigned to 2: [21] . In the case of 2a-hydroxytrichodiene-11-one, a hydroxyl proton signal shifted to the low field by the effect of hydrogen-bond to the carbonyl group, and large chemical shift changes were observed on cyclohexenone portion in comparison with those of trichodiene-11-one. Based on the results, 1 and 2 were determined as 2b-hydroxytrichodiene-11-one and 2a-hydroxytrichodiene-11-one, respectively.
In summary of this section, the 1 H NMR analysis of the transformed product demonstrated that XM_387941 codes for an enzyme that catalyzes stereoisomeric hydroxylation of trichodiene at C-2. This could also be the first report confirming that Tri4 is responsible for 2a-hydroxylation of trichodiene [20] .
Targeted gene disruption of the candidate CYP genes
Trichodiene-11-one is a compound that is not produced by Fusarium and a ketone group at C-11 may prevent the C-3 oxygenation and the C-12,13 epoxidation. There is also a possibility that this compound may not serve as a substrate in later oxygenation steps (e.g., C-3) unless earlier steps (e.g., oxygenation at C-2 or C-12,13) were completed. To determine possible roles of the candidate CYP genes in the toxin biosynthesis, it is essential to examine their functions by gene knockout experiments.
We therefore examined the contribution of these CYP genes to the toxin biosynthesis by targeted gene disruption. F. asiaticum MAFF 111233 was transformed with the gene disruption vectors (Fig. 4(a) ) linearlized with the restriction sites designed on type-I primers (viz., NheI, SnaBI, or BglII). Eleven, twenty-nine, twenty-one, two, and thirteen hygromycin B resistant colonies were isolated in transformation experiments with pDel-XM_391600, pDel-XM_391167, pDel-XM_387941, pDel-XM_382547, and pDel-XM_ 381915, respectively (Fig. 4(a) ). Genomic DNA was isolated from each colony and targeted gene deletion mutants were screened by long PCR using type-III primers (e.g., 7U-LA and 7D-LA; see Fig. 4(a) and primers shown on green background in Supplementary Data): three (XM_391600), five (XM_391167), two (XM_ 387941), two (XM_382547), and one (XM_381915) transformants showed altered sizes of the PCR products (data not shown). Southern blot analyses confirmed that these candidates were targeted deletion mutants (see Fig. 4(b) for a representative transformant of each gene); i.e., the wild-type band of each gene was not detected when hybridized with the corresponding gene probe, and besides, a single copy of the disruption vector was detected when hybridized with the hph probe. The trichothecene profiles of these deletion mutants, including that of XM_387941, were indistinguishable from that of the wild-type strain (Fig. 4(c) ). Thus, although these CYP genes are specifically induced under the trichothecene-producing condition, they neither contribute to nor interfere with the toxin biosynthesis. The result suggests that XM_387941 is a CYP with broad substrate specificities and that it happened to act on trichodiene-11-one in the yeast oxygenation assay. Indeed, overexpression of XM_387941 in the wild-type strain did not interfere with trichothecene biosynthesis and showed the same toxin profile as that of the wildtype strain (data not shown). This may suggest a different localization of XM_387941 from that of trichodiene and TRI4 protein inside Fusarium cells.
Conclusion and perspectives
In spite of comprehensive screening of trichothecene pathway genes for unassigned oxygenation steps, we were not able to identify the responsible genes in the complete genome database. We found, however, a CYP gene XM_387941, which is responsible for 2b-hydroxylation of trichodiene-11-one. Such oxygenation activity may represent a part of xenobiotic detoxification mechanisms similar to those of animals, whose liver CYPs are responsible for the phase I metabolic reaction.
It may be possible that as-yet-unidentified biosynthesis pathway genes, located somewhere outside the gene cluster, are also expressed at a low level (i.e., detectable by sensitive RT-PCR analyses) under the trichothecenenon-producing conditions [1] or that they are not unique to the toxin-producing strains [22, 23] . Alternatively, one cluster gene has multiple functions and is responsible for additional oxygenation steps as do other fungal cyto- Fig. 4 . Targeted disruption of the five candidate genes specifically expressed under the trichothecene-producing conditions. (a) Deletion of the candidate oxygenase genes by disruption vectors. Restriction sites on type-I primers (e.g., 7U/Nhe and 7D/Nhe with NheI) were used to linearize the vectors before transformation. Restriction sites on type-II primers (e.g., 7U/Not with NotI and 7D/Spe3 with SpeI) were used to clone the IPCR fragments into pCSN43. No restriction sites were designed on type-II primers 21D and 160D. Thus, for cloning of these IPCR products, the EcoRV site on pCSN43 was used for ligation of the restriction-site-less blunt ends. Double-pointed arrows indicate probes for Southern blot analyses. P, trpC promoter; T, trpC terminator; Bg, BglII; Nh, NheI; N, NotI; Sn, SnaBI; Sp, SpeI (b) Southern blot analyses of genomic DNA of wild-type and targeted deletion mutants of F. asiaticum MAFF 111233. The blots were hybridized with probes indicated on each panel. WT, wild-type; D, deletion mutant; B, BamHI; Bg, BglII; C, ClaI; E, EcoRI; H, HindIII; S, SalI. chrome P450 monooxygenases involved in the biosynthesis of secondary metabolites; e.g., gibberellin [24] and supposedly aphidicolin [17] . Indeed, F. graminearum Tri1 disruption mutants accumulate CAL, which lacks both a C-7 and C-8 hydroxyl [4] . Thus, the TRI1 enzyme (XP_380247) may be responsible for hydroxylation of both C-7 and C-8. In addition, previous genetic analysis of Tri4 [20] does not exclude the possibility that this gene is responsible for oxygenating at positions other than C-2 of the bicyclic intermediates (see Fig. 1 ). The actual roles of Tri1 and Tri4 in trichothecene biosynthesis need to be carefully examined by feeding appropriate pathway intermediates to the transgenic yeasts.
